Upper critical field of high quality single crystals of KFe 2 As 2 



o 

Oh 
< 



o 
o 

Oh 
=5 

■<-* 



I 

G 

O 

o 



> 

ON 

oo 

(N 

O 



X 



Yong Liu/'QM. A. Tanatar, 1 * 2 '^. G. Kogan/'^Hyunsoo Kim, 1 ' 2 '[jj]T. A. Lograsso/'^and R. Prozorov x > 2 '0 

1 Ames Laboratory, Ames, Iowa 50011, USA 
2 Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011, USA 

(Dated: 4 April 2013) 

Measurements of temperature-dependent in-plane resistivity , p(T), were used to determine the 
upper critical field and its anisotropy in high quality single crystals of stoichiometric iron arsenide 
superconductor KFe2As2- The crystals were characterized by residual resistivity ratio, p(300K) / p(0) 
up to 3000 and resistive transition midpoint temperature, T c —3.8 K, significantly higher than in 
previous studies on the same material. We find increased H C 2(T) for both directions of the magnetic 
field, which scale with the increased T c . This unusual linear H C 2(T C ) scaling is not expected for 
orbital limiting mechanism of the upper critical field in clean materials. 

PACS numbers: 74.70.Dd,72.15.-v,74.25.Jb 



I. INTRODUCTION 



Among several families of iron arsenides showing su- 
perconductivity at temperatures up to 56 Kp"^ very 
few compounds are stoichiometric. Due to the lack 
of substitution disorder, these compounds reveal the 
properties of true clean materials and are character- 
ized by significantly enhanced residual resistivity ratios, 
rrr = p (300 K) / p(T c ) up to -80 in LiFeAs (T c «18 K)P 
rrr —10 in environmentally-doped NaFeAs (T c « 25 K)® 
and up to 1500 in KFe 2 As 2 (K122 in the following) H 
The superconducting T c and rrr of the latter material 
strongly varySHSl depending upon sample quality and 
preparation technique, and are very sensitive to dop- 
ing with CcW and Nap! suggestive of unconventional 
superconductivity. Indeed, all studies of the supercon- 
ducting gap structure in K122 agree on the existence of 
line nodes EHH1 however, their location on the multi-band 
Fermi surface, symmetry-imposed vs. accidenta l ch ar- 
acter and relation to S± or d— wave symmetr y^ 5 * 16 l are 
highly debated. 

In this study we use high sensitivity of the supercon- 
ducting transition temperature of KFe2As2 to residual 
impurities to obtain an insight into another unique fea- 
ture of iron arsenide superconductors,- unusual temper- 
ature dependence of the upper critical field. Terashima 
et alt^ reported anisotropic H C 2 of the K122 crystals 
with T c =2.8 K, which revealed very different temper- 
ature dependence for magnetic fields parallel and per- 
pendicular to the c-axis of the tetragonal crystal, with 
virtually T-linear dependence for H \\ c. This depen- 
dence is different from the expectations of theories for or- 
bital Werthamer, Helfand and Hohenberg (WHH) 18 and 
paramagnetic^ mechanisms of H C 2, both predicting sat- 
uration of H C 2(T) on T — >• 0. It is also strongly differ- 
ent from saturating H C 2 found in LiFeAs r " 22 ! Recently 
we found similar T-linear dependence in the optimally- 
doped SrFe 2 (Asi_ 2: P a ;)2, x=0. 35P3 Because of the nodal 
superconducting gap of this compound,^ we speculated 
possible link of nodal superconducting gap and the T- 
linear dependence of H c i- On the other hand, T-linear 



dependence of H C 2 C (T) observed in dirty iron-pnictides^ 
and doped MgBjP^ was explained in the orbital-limiting 
model for two-band superconductivity in the dirty limit, 
as a cross-over regime between usual WHH saturating 
and upward curving dependences. 

In this article, we report synthesis of single crys- 
tals of KFe 2 As2 with rrr up to about 3000 and study 
their anisotropic upper critical field. We find higher 
H c 2 for both directions of magnetic field than found by 
Terashima et al.W^ Interestingly, the two data sets for 
this material, which in both high and low quality sam- 
ples is in the clean limit, can be matched by a factor 
corresponding to T c ratio. As we show, this unusual lin- 
ear dependence between H C 2 (0) and T c is not expected in 
any theory for clean superconductors for orbital limiting 
mechanism. We discuss possible important parameters 
for its explanation. 



II. EXPERIMENTAL 

Single crystals of KFe 2 As 2 were grown using the KAs 
flux methodPZl It is difficult to grow KFe 2 As 2 by seal- 
ing the chemicals in a quartz ampoule because of the 
strong reaction between the potassium vapor and the 
silica tube, leading to a serious corrosion. As a way 
to avoid this problem, Kihou et a/P3 suggested use of 
stainless steel containers. Alternatively, we developed a 
sealing technique with liquid tin melt to suppress the 
evaporation of potassium and arsenic chemicalsPS K in- 
got, As lump, and Fe powder were mixed in atomic ratio 
of K:Fe:As=5:2:6, and loaded into an alumina crucible. 
This crucible was covered by a bigger crucible and then 
mounted in a third alumina crucible with the Sn chunk 
spread on the bottom, as shown in Fig. Ilia). The ef- 
fectiveness of Sn-melt sealing technique is guaranteed by 
the fact that Sn melts at low temperature 232° C, but 
boils at high temperature 2602°C. On the other hand, 
Sn melt acts as a buffer, which can also dissolve part of 
potassium and arsenic vapors. By sealing the apparatus 
shown in Fig.nja) in a bigger quartz tube, we could grow 
large crystals, as shown in Figs{T](b) and (c), using cool- 
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FIG. 1. (Color online) (a) Crystal growth setup with liquid 
Sn-melt sealing technique, (b) Top view of KFe2As2 ingot 
of 15 mm diameter, revealing easy to distinguish the shiny 
pieces and lamellar structure of crystals, (c) Single crystals of 
KFC2AS2, cleaved out of the ingot, with sizes up to 10x5x0.2 
mm 3 . 
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FIG. 2. (Color online) (a) DC SQUID magnetization mea- 
surements of the KFe2As2 crystals in zero field cooled (ZFC) 
and field cooled (FC) protocols in a magnetic field of 10 Oe 
applied parallel to the afe-plane. 



ing at a rate of 4°C/h from 920° C to 820° C and at 1 °C 
/h from 820° C to 620 °C. 

Crystals with size up to 10x5x0.2 mm 3 were extracted 
from the melt and frequently had leftover KAs flux on the 
surface. Its presence causes rapid sample degradation 
in air. The crystals were characterized by MPMS DC 
SQUID magnetization measurements, as shown in Figs. [2] 
and 02 

Figure [2] shows temperature-dependent magnetization 
measured after cooling in zero field, applying a 10 Oe 
field at base temperature and making measurements on 
warming above the superconducting transition (zero - 
field cooling, ZFC) and after cooling in the same mag- 
netic field and measurements on warming (field cooling, 
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FIG. 3. (Color online) DC SQUID measurements of magne- 
tization loops at 2 K, the base temperature of our SQUID 
apparatus, in magnetic fields applied parallel to the ab plane 
(a) and parallel to the tetragonal c-axis (b). 



FC). Sharp superconducting transition with the width of 
about 0.3 K in zero-field cooling measurements shows 
high quality of the single crystals. The field cooling 
results are similar to other iron-based superconductors 
showing the absence of the Meissner expulsion in FC 
measurements, implying an anomalous Meissner effect P3 

Figure [3] shows magnetization loops measured at 
T =2 K along the ab— plane (panel a) and along the 
c— axis (panel b). A clear contribution of asymmetric 
reversible magnetization and a sharp break at the H C 2 
in the latter measurements indicate low pinning; hence 
high sample quality consistent with a large rrr a — 2500- 
3000. The pinning is notably larger along the conducting 
planes, probably indicating the intrinsic pinning contri- 
bution on the layered structure, also consistent with a 
much lower rrr c . 

During sample preparation for resistivity measure- 
ments, we first cleaved slabs from the inner parts of single 
crystals. These crystal slabs with two cleaved mirror- 
like surfaces turned out relatively stable. The slabs were 
further cleaved into bars with typical dimensions of (1- 
2)x0.5x(0. 02-0.1) mm 3 and long axes parallel to a— 
crystallographic direction. All sample dimensions were 
measured with an accuracy of about 10%. Contacts for 
four-probe resistivity measurements were made by sol- 



dering 50 /im silver wires with ultrapure Sn solder, as 
described in Ref. |30l This technique produced contact 
resistance typically in the 10 pfl range. Resistivity mea- 
surements were made in the Quantum Design PPMS sys- 
tem. 

The resistivity value at room temperature for our sam- 
ples was about 300 /i£7cm, similar to the values found in 
previous studies for KFe2 As2 P^2 and the value in slightly 
doped BaK122P This slight variation of p(300K) in 
the (Ba,K)Fe2As2 system with doping is distinctly dif- 
ferent from a rapid decrease of p(300K) with x in 
Ba(Fei_ x Co a; )2As2.'^ After removing parts of the crystal 
exposed to the KAs flux, the samples became relatively 
stable and their resistivity did not change for a period 
of a week or so. We selectively measured inter-plane re- 
sistivity of some samples using the two-probe technique. 
The details of the measurement procedure for in-plane 
and inter-plane, p c {T), resistivity measurements can be 
found in Refs. MM 

Measurements of the upper critical field were made by 
gluing the sample for p a measurements with Apiezon N 
grease to a top or side surfaces of a G10 plastic cube, 
enabling precise orientation of the sample plane parallel 
and perpendicular to the magnetic field with an accuracy 
of about 1°. Considering relatively flat dependence of 
H C 2 on the field inclination angle 9 in this small angular 
rangep^ this alignment procedure is sufficiently precise. 
Measurements were completed in two transverse field vs. 
current configurations J II a, H \\ c, and J \\ a, H \\b. 



III. RESULTS 

A. Residual resistivity ratio 

The left panel of Fig. HJ shows temperature-dependent 
resistivity over a broad temperature range. The right 
panel shows a zoom of the low-temperature portion, with 
the data plotted vs. T 2 , in the vicinity of the super- 
conducting transition. For reference we show the p a {T) 
data for the samples with the highest rrr among pre- 
viously published dataP and inter-plane resistivity mea- 
sured in the sample 3 of our batch in comparison with 
measurements by Kimata et alW** First we notice that 
the samples grown in different labs show identical p a (T), 
except for the variation of residual resistivity p a (0). This 
fact clearly shows that the difference is caused by very 
low density of residual impurities/defects, determined by 
the growth technique, but not variation of sample com- 
position/stochiometry. The defects determining residual 
resistivity reflect uncontrolled sample chemical contam- 
ination during growth and density of non-equilibrium 
vacancy-interstitial defects at the growth temperature. 
The density of these defects can be estimated from com- 
parison of the mean free path in our samples (>1000 nm), 
see below, and lattice constants (~1 nm), as ~ 10 17 cm~ 3 . 
This is negligible to produce any doping in a good metals 
like KFe2As2 with carrier density higher than 10 21 cm~ 3 . 




FIG. 4. (Color online) Temperature-dependent electrical re- 
sistivity of KFe2As2 for current direction along the plane in 
samples 1 and 2 (this study) in comparison with published 
data with highest residual resistivity ratio by Reid. et al. 
Left panel shows data over a broad temperature range, right 
panel shows the same data plotted vs T 2 , allowing for linear 
fits through data above the onset of the resistive transition 
and extrapolation of the p(T) to T = to determine p(0). 
Samples 1 and 2 show lower residual resistivity values at T c 
and in p(0) extrapolation than the best samples reported so 
far by Reid et al., giving p(300 K)/p(0) in 2500 to 3000 range, 
significantly higher than in all previous reports P - ^ 10 ! 17 * 2 -^ For 
reference in left panel we show p c (T) as measured in sample 
3 in this study and reported by Kimata et al., Ref. |35| . 



While showing complicated temperature dependence 
over a broad temperature range, with notable crossover 
at around 200 K, the resistivity at the lowest tempera- 
tures follows simple close to T 2 dependence,* 7 -* as expected 
in Landau Fermi liquid theory. This temperature depen- 
dence is most easily seen when plotting p vs T 2 as shown 
in the right panel, providing a linear plot. In Fermi liquid 
theory, the slope of the curves, A, is proportional to the 
square of effective mass, A ~ m* 2 . As can be seen from 
Fig.HJ this slope remains the same, within error bars, for 
both high and low quality samples, showing directly that 
the difference in sample quality is not related to variation 
of effective mass and hence band structure. This simple 
linear dependence of p vs T 2 enables easy extrapolation 
of the p{T) from T c to T — 0. As can be seen from 
the right panel in Fig. HI samples 1 and 2 show nearly 
indistinguishable temperature-dependent resistivity with 
both p(T c ) and extrapolated p(0) significantly lower than 
in samples by Reid et al. , leading to a residual resistivity 
ratio p(300K)/p(0) in the 2500 to 3000 range. 



B. Upper critical field 

Figure [5] shows temperature-dependent in-plane elec- 
trical resistivity of KFe2As2 sample 1 in magnetic fields 
aligned parallel to tetragonal c-axis. Left panel shows 
Pa/p a {300K) plotted vs. T, right panel shows the same 
data plotted vs T 2 . Magnetic field values increase from 
to 1.5 T, sufficient to completely suppress superconduc- 
tivity at T >1.8 K, the base temperature of our appara- 
tus. To check if resistivity measurements in these very 
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FIG. 5. (Color online) Temperature-dependent in-plane elec- 
trical resistivity of KFe2As2 sample 1 in magnetic fields 
aligned parallel to the c— axis. Left panel shows p a /pa(300K) 
plotted vs. T, right panel shows the same data plotted vs 
T 2 . Field values increase from to f .5 T. Lines and symbols 
at the highest field of 1.5 T show resistivity for two reversed 
directions of magnetic field, revealing no significant contribu- 
tion of the Hall voltage to resistivity measurements. Note, 
at 1.5 T and 1.8 K, the base temperature of our apparatus, 
the p a {T) does not show any signature of saturation. The 
actually measured rrr is about 2000. 




FIG. 6. (Color online) Temperature-dependent in-plane elec- 
trical resistivity of KFe2As2 sample 1 in magnetic fields 
aligned in-plane transverse to the current parallel to the b- 
axis. The left panel shows p a /p a (300K) plotted vs. T. The 
right panel shows same data plotted vs T 2 . Field values in- 
crease from to 9 T. Lines and symbols at the highest field of 
9 T show resistivity for the two reversed directions of magnetic 
field, revealing negligible contribution of the Hall voltage to 
the resistivity measurements. Notable magnetoresistance is 
observed in this configuration, which leads to clear downward 
deviations from perfect T 2 dependence observed at low fields. 



low resistivity samples with p(0) in 100 to 200 nd.cm 
range contain contributions from Hall voltage, we re- 
versed the direction of the magnetic field at the highest 
field of 1.5 T, with the data shown with line and sym- 
bols. It is clear the Hall contribution is insignificant in 
our measurements. 

The high purity of our samples can be directly seen 
from the fact that even at 1.8 K, p a (T) does not show 
any sign of saturation, and actually measured resistivity 
p(1.8K, H = 1.5T) gives rrr « 2000. A deviation of the 
p(T 2 ) plot from linear can be noticed in the right panel of 
Fig. [5] for non-zero magnetic fields. While zero-field data 
follow T 2 temperature-dependence above T c , a crossover 
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FIG. 7. (Color online) The upper critical field as determined 
from the mid-point (black curves) and offset (green curves) 
of resistive transition in the KFe2As2 sample 1. Open sym- 
bols show data for H || c, solid symbols for H || b. Blue 
curves show data determined from resistive transition mid- 
point in Ref. 1171 from measurements on lower quality samples. 
Green curves with down triangles show data determined from 
specific heat measurements by Abdel-Hafiz et al. "magenta 
curve is from specific heat measurements in the magnetic field 
parallel to the plane by Kim et alW^ 



with downward curvature at around 2.5 K is seen in p(T) 
at 1.5 T. This crossover is more evident in measurements 
in H || b around 3 K, see Fig. [6J This crossover feature 
was reported as an indication of non-Fermi-liquid depen- 
dence in initial measurements by Dong et aL™ however, 
it was suggested to be superconducting in origin by later 
experiments.^ 

Measurements with magnetic field reversal at 9 T, 
Fig. [61 show that contribution of Hall voltage in H \\ b 
configuration is significantly smaller than at 1.6 T in the 
H || c configuration, Fig. [51 and can be safely neglected. 



IV. DISCUSSION 

In Fig. [7J we show the magnetic field-temperature 
phase diagram as determined in our measurements on 
high quality single crystals, in comparison with measure- 
ments on low quality samples in Ref . [17J . The data were 
determined using a commonly accepted resistive transi- 
tion midpoint p m id and offset criteria. The former is 
identical to the criteria used by Terashima et alW^ 

Using midpoint criterion, we obtain the superconduct- 
ing T c =3.8 K in zero field, as compared to 2.8 K for 
samples in Terashima et al. studyP^ This leads to no- 
tably higher H C 2 for both principal directions of the mag- 
netic field. To obtain further insight into the behavior of 
H C 2 of KFe2As2, we compare our measurements on high- 
est quality samples with two recent heat capacity stud- 
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FIG. 8. (Color online) The upper critical field in configuration 
H || c as determined from mid-point (black curves) and offset- 
point (green curves) of resistive transition in KFe2 As2 sample 
1. Blue curves show data determined from resistive transition 
midpoint by Terashima et ali^ from measurements on lower 
quality samples. Cyan curves show the data from Ref. [T7] 
with H C 2,a, H C 2,c, and T c multiplied by a constant factor to 
match T c of high quality samples. For reference, we show data 
determined from specific heat measurements by Abdel-Hafiz 
et a/~Note, irrespective of the measurements type or criteria 
used, the slope of the curves does not depend on sample T c . 



ies undertaken on high quality samples (rrr ~600)P2I2SI 
These measurements show agreement of two measure- 
ment types, despite very different criteria. In view of 
possible misalignment of the field parallel to the plane, 
we will focus below on H || c, shown in Fig. [8J 

Interestingly, the slope of the H c2 (T) curve at T c turns 
out to be the same in all measurements. Moreover, by 
multiplying both T c and H c2 obtained in Terashima et 
al\^ study by a factor of T c ratio, —1.36, we obtain a 
good match of the data for H || c and reasonable match- 
ing for H \\ a. 

For our understanding, it is important that both low 
quality samples with rrr =80 and extreme quality sam- 
ples, rrr —2000-3000, are in the clean limit. Indeed, the 
mean free path of the dirty samples can be estimated as 
100 nm, assuming Vf = 2 x 10 5 m/s, it is significantly 
higher in high quality samples. Simultaneously, the co- 
herence length can be estimated from zero-temperature 
value of H c2 using the relation H c2 (0) = 0o/(27r£ 2 ), 
where 0o = 2.07 x 10~ 7 G cm 2 is magnetic flux quantum, 
£o is the coherence length at T = 0. For H c2 (0) =1.5 T, 



this gives £o =20 nm, significantly smaller than the mean 
free path, so all samples are in the clean regime. 

In clean isotropic superconductors, the zero-T upper 
critical field and its slope at T c scale aa^ 
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These scalings hold - in clean case - also for anisotropic 
order parameters on anisotropic Fermi surfaces.^ One 
can write Eq. (pi) as 
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T 

- L c 
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Our results, H c2 (0) ex T c and H' c2 (T c ) = const, suggest 
a curious possibility that T c in our set of clean samples 
of KFe2As2 is proportional to the Fermi energy Ep. We 
are not aware of a theoretical argument in favor of this 
possibility. 



V. CONCLUSIONS 

Measurements of the in-plane electrical resistivity as a 
function of the magnetic field applied parallel and per- 
pendicular to the tetragonal c-axis of the crystal allow 
us to extrapolate residual resistivity of the samples in 
the zero field in 100 to 200 nfi.cm range and residual 
resistivity ratio in the 2500 to 3000 range. These high 
values are in reasonable agreement with resistivity mea- 
surements in the normal state achieved by application of 
the magnetic field 1.5 T H || c at base temperature of 
1.8 K, rrr -2000. 

The upper critical fields in our samples with T c =3.8 K 
significantly increased, compared to those for samples 
with T c =2.8 K, but H c2 for two sets of samples can be 
matched well by a simple scaling of T c . This unusual 
linear relation is not expected for the orbital limiting 
mechanism of the upper critical field. 
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